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Purpose: Recent experimental nd theoretic studies show that large wall shear stress 
gradients characterize disturbed flow patterns associated with the location of myointimal 
hyperplasia, theroma, or both. Graft-to-artery anastomoses that minimize wall shear 
stress gradients may reduce the degree of myointimal development and the propensity for 
thrombosis. This study analyzes the distribution of distal anastomotic wall shear stress 
gradients for conventional geometries and for the optimized geometry assuming idealized 
merging of the graft with the artery. 
Methods: A validated computational fluid dynamics program was used to solve the 
transient hree-dimensional partial differential equations and auxiliary equations that 
describe laminar incompressible blood flow. Time-averaged wall shear stresses and wall 
shear stress gradients were calculated for three distal graft-artery anastomoses: a standard 
end-to-side, a Taylor patch, and an optimized geometry. The latter was obtained itera- 
tively by minimizing the local wall shear stress gradients and was analyzed under resting 
and exercise inflow waveforms. 
Results: Both the standard and Taylor patch anastomoses have relatively high wall shear 
stress gradients in the regions of the toe and heel. For all flow inputs studied nonuniform 
hemodynamics in the optimized graft design are largely eliminated, and the time- 
averaged wall shear stress gradients are greatly reduced throughout he anastomotic 
zone. At resting flow the Taylor patch produces lightly lower wall shear stress gradients 
in the anastomotic region than the standard end-to-side anastomosis. The optimized 
design reduces wall shear stress gradients to almost one half of that of the standard and 
Taylor patch geometries. At exercise flow wall shear stress gradients almost riple in the 
standard anastomosis and increase approximately 30% in the Taylor patch. In contrast, 
the geometrically optimized design is basically independent of the type of flow input 
waveform in terms of time-averaged wall shear stress gradients and disturbed flow patterns. 
Conclusion: This study demonstrates that it is possible to design a terminal graft geome- 
try for an end-to-side anastomosis that significantly reduces wall shear stress gradients. I f  
the wall shear stress gradient is confirmed to be a major hemodynamic determinant of 
intimal hyperplasia and restenosis, these results may point to the design of optimal bypass 
graft geometries. (J Vase Surg 1997;25:637-46.) 
Nonuniform hemodynamics are believed to play 
an initiating role in early bypass graft thrombosis and 
more frequently in graft failure caused by myointimal 
hyperplasia nd progressive atherosclerosis. Intimal 
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thickening that occurs at and near the toe, heel, and 
arterial wall in the anastomotic bed of  distal graft-to- 
artery end-to-side anastomosis may be accelerated or 
modified by nonuniform hemodynamics. Other me- 
chanical factors that may influence stenotic develop- 
ments in the region of a distal end-to-side anastomo- 
sis in addition to the junction geometry include the 
graft material, wall compliance, surface characteris- 
tics, and the condition of  the artery. 1-s For decades 
links between localized disturbed blood flow pat- 
terns and the development of stenosis near vessel 
bifurcations and junctions have been theoretically, 
experimentally, and clinically evaluated. Recently, 
wall shear stress gradients have been identified as an 
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Fig. 1. Two flow input waveforms used in this study with mean Reynolds numbers (Reined) 
and frequencies (f). 
indicator and predictor of sites in branching arteries 
that are susceptible to myointimal hyperplasia or ath- 
erosclerotic lesions. TM It may be possible to positively 
modify the degree of stenosis and the probability of 
graft failure by iteratively designing graft-to-artery 
anastomotic geometries that minimize sustained wall 
shear stress gradients. 
Previous studies by others have analyzed the ef- 
fect of bifurcation angle, wall curvature, and inflow 
rate on local blood flow disturbances and wall shear 
stresses. ~,~6 We have undertaken exploratory studies 
of the hemodynamics at distal end-to-side anastomo- 
ses with computer simulation modeling. 9,~7,~8 In 
these studies we analyzed velocity fields, wall shear 
stresses, the oscillatory shear index, and wall shear 
stress gradients in a standard graft-to-artery end-to- 
side anastomosis and in a Taylor patch reconstruc- 
tion. In light of clinical observations the wall shear 
stress gradient was the single best predictor of the 
onset of myointimal hyperplasia. The Taylor patch 
had less disturbed flow and lower wall shear stress 
gradients than a standard anastomosis. This result 
was associated with (1) larger anastomotic flow areas, 
(2) smoother curvatures at and near the anastomosis, 
and (3) smaller anastomotic angles with approxi- 
mately 10 degrees being superior. The last observa- 
tion is similar to the optimal anastomotic angle of 15 
degrees recommended by Staalsen et al?s based on 
in vivo animal ultrasound studies. In these studies we 
also initially investigated the possibility of optimizing 
distal end-to-side anastomotic geometry. 9,17,18 
The results presented here are the transient three- 
dimensional hemodynamics of three distal end-to- 
side anastomoses subjected to realistic resting and 
exercise inflow waveforms. The three anastomotic 
geometries are a standard end-to-side, a Taylor 
patch, and an optimized terminal graft geometry. 
The optimized terminal graft geometry is a signifi- 
cant improvement over the previous three studies in 
terms of a more realistic input flow waveform ~8 and 
an optimized geometry with respect o heel angle, 
near toe curvature, and graft-to-artery diameter ra- 
tio.9,17 
METHODS 
Flow input conditions and graft-anastomosis 
geometries. Fig. 1 gives the two basic flow input 
waveforms used in this study. The high flow rate and 
high-frequency waveform with a mean Reynolds 
number (l:(emean) of 356 and frequency (f) of 100 
cycles/min is representative of exercise conditions. 
The resting waveform (Re . . . .  = 113.5 and f= 60 
rain-~) is typical for most patients. The three geom- 
etries are shown in Fig. 2. The standard end-to-side 
anastomosis has a bifurcation angle 0t = 30 degrees 
and a graft-to-artery diameter (d) ratio of 2:1. The 
circular graft cut at a 30-degree angle tapers 
smoothly to an oval anastomosis with the artery (Fig. 
2, A). The synthetic graft/vein patch anastomosis 
proposed by Taylor 19 has dgr,,fd,,ne,.y = 2:1, but a 
10 degrees (Fig. 2, B). For these two anastomotic 
geometries the resting waveform with a flow rate (Q) 
ratio of Q~r,,ft:Q.~r~e,y-todQ~rt~,~t = 100:80:20 was 
assumed as a suitable test flow condition. To produce 
an optimal anastomotic geometry (Fig. 2, C) the 
bifurcation angle, anastomotic length, and wall cur- 
vature were iteratively designed by minimizing local 
time-averaged wall shear stress gradients. The cross- 
sectional area ratio of dg,.,,ft:d,,,~ry = 1.6:1 improves 
the flow field in the junction toe region and reduces 
the anastomotic length. This design was tested for 
both flow input waveforms and for flow rate ratios, 
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Q~graft~Qartery_toe'Q.artery_heel -~- 100:80 :20  (standard), 
100:60:40 (large backflow), and 100:100:0 (no 
back_flow). It was assumed that the graft merges ide- 
ally with the recipient artery. 
Flow equations. Assuming laminar incompress- 
ible Casson-type fluid flow and rigid walls, the gov- 
erning equations zl are the continuity equation en- 
suring conservation of fluid mass and the full 
equations of motion representing conservation of 
linear momentum. At the graft inlet a time-depen- 
dent parabolic velocity profile is assumed with an 
average value um (t), which is obtained from the inlet 
Reynolds number for each of the two input wave- 
forms. All fluid dynamics and predictor equations are 
given in the Appendix. 
Solution method. The numeric calculations 
were carried out with a finite volume-based algo- 
rithm. The flow domain is subdivided into multiple 
finite or control volumes. In this study a body- 
fitted coordinate system was used, generating 
multiblock grid structures where each block has a 
local coordinate system assigned. For the standard 
graft-artery anastomosis 11 blocks were used, of 
which four were created to minimize mesh ele- 
ment or control volume distortion and for better 
mesh size control in the vicinity of  the corners. At 
a later point repeat calculations with finer meshes 
revealed the mesh-independence of the results. 
The number of elements required ranged from 
16,380 for the standard anastomosis to 16,940 for 
the Taylor patch. 
The equation of motion in vector form was inte- 
grated over each control volume with suitable finite 
difference approximations for all derivatives. This re- 
sults in a discrete (algebraic) equation that connects 
the velocity components and the pressure at the 
center of a control volume with its neighbors. The 
continuity equation is replaced by the pressure-cor- 
rection equation, resulting in a coupled set of alge- 
braic equations. 2z,23 
The discretized nonlinear equations were solved 
iteratively at two levels: an inner iteration to solve for 
the spatial coupling, or nonlinearity, of each variable, 
and an outer iteration to solve for the coupling be- 
tween variables. For all calculations varying time 
steps have been used, depending on the sign and 
magnitude of the gradient of the particular input 
waveform. To eliminate start-up effects the computa- 
tion was repeated over four cardiac ycles. The com- 
putational work was carried out on a DECstation 
5000 (Digital Equipment Co., Maynard, Mass.) re- 
quiting 49 to 81 hours of central processing unit 
time. The flow simulation model was validated with 
(a) Standard 
"~U - . -  
(b) Taylor Patch 
(c) Optimal 
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Fig. 2. Three distal anastomotic geometries studied: a, 
standard end-to-side; b, Taylor patch, c, optimized geom- 
etry. Both a and b have graft-to-artery diameter ratio of 
2:1. Optimized geometry has 1.6:1 ratio. 
several measured velocity profiles and wall shear 
stress distributions found in the literature. 9,1°'24 
RESULTS 
Wall shear stresses. Fig. 3 shows three-dimen- 
sional surface contours of the time-averaged wall 
shear stress, Ir--~-~01, with low and high wall shear 
stress regions in the three geometries subjected to 
the resting waveform. In all geometries the anasto- 
motic areas, the grafts, and the upstream segments of 
the recipient arteries have relatively low wall shear 
stresses because of the flow area expansions. Fig. 4 
gives the wall shear stress at resting flow in the opti- 
mal graft geometry for two outflow distributions in 
addition to the standard flow rate ratio (Fig. 3,C). 
The magnitude of a particular flow rate ratio signifi- 
cantly modulates the stress field. For the zero-back- 
flow case a relatively high shear stress region appears 
at the junction exit (toe area) because of the high 
flow approaching the necessary flow area reduction. 
Wall shear stress gradients. Fig. 5 depicts the 
local time-averaged wall shear stress gradient 
(I W-~I )  contours for the three geometries at rest- 
ing flow with the standard flow rate ratio. Fig. 6 
shows the I W~[  contours of the optimized geom- 
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Fig. 3. Time-averaged wall shear stress (IT----ff~ol) con- 
tours under esting flow conditions with flow distribution 
ratio Qgraf/Q~o/Qheel = 100:80:20 for three geometries. 
etry for the other two flow divisions. Fig. 7 illustrates 
the ]W~]  in the optimized geometry at exercise 
flow. A perfect design should have near zero wall 
shear stress gradients, indicating basically uniform 
hemodynamics throughout. This is not the case for 
any of the three geometries. However, thc optimized 
geometry approaches this goal. 
The standard end-to-side anastomosis exhibits 
sustained non-zero ] WSSG[ in three regions, the 
toe, heel, and floor. A significant reduction in the 
]W~I  -fields is produced by the Taylor patch. Fur- 
ther reduction in I W~I  is obtained by optimally 
designing the graft. The optimal design exhibits low 
]@[ -va lues  for other outflow distributions and 
for exercise flow with the exception of the anasto- 
motic heel. When compared with e toe area, the 
heel is not that critical because of its small surface 
area and low cell mass. 
Fig. 8 shows the area-integrated wall shear stress 
gradient (<WSSG>) for the three geometries. The 
wall shear stress gradients were normalized with an 
assumed threshold value of 1.5 dyn/cm 3to compare 
results among the three geometries (which have sig- 
(b) IQ=:Q,:Q,=100:100:01 
L: low shear 
H: high shear 
iii:~ ~; .......... 
Fig. 4. Time-averaged wall shear stress (I,7ol) con- 
tours for optimized geometry anastomosis under resting 
flow conditions with flow distribution ratios Qgr,~FQ~oe: 
Q~ce/: a, 100:60:40, b, 100:100:0. 
nificantly different junction surface areas). Both the 
standard end-to-side anastomosis and Taylor patch 
anastomosis have higher <WSSG>-values, especially 
at increased flows, than the optimized geometry. 
Both the standard and Taylor patch geometries de- 
velop approximately three times higher excess wall 
shear stress gradients at resting flow than the opti- 
mized design. In absolute terms these values are 
almost double that of the optimized esign. At exer- 
cise flow these values become more pronounced. 
Fig. 9 shows the nondimensional wall shear stress 
gradient severity parameter (Eq. (9), Appendix) ver- 
sus a nondimensional waveform parameter (Eq. (10), 
Appendix) tbr the three graft-artery geometries in 
this report and two previously studied ones. 9,17,18 
The optimally designed geometry in this article has 
the best performance characteristics with low wall 
shear stress gradients that are almost independent of
flow rate. In this study the geometry was optimized 
by minimizing the ]W~I  in the critical toe area 
over a range of input waveform conditions. This 
slightly increased the ]W~I  in the heel region. As 
a result global (i.e., area integrated) severity is not 
significantly ower when compared with e previous 
2: I diameter ratio design. 
DISCUSSION 
The results of this study indicate that terminal 
graft geometry plays a major role in the degree of 
nonuniform flow and the magnitude of wall shear 
stress gradients generated. They also suggest hat 
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Fig. 5. Time-averaged wall shear stress gradient 
( IW~l )  contours under resting flow conditions with 
flow distribution ratio Qar,fiQxo,:Qb,,l = 100:80:20 for 
three geometries. 
computational fluid mechanics may have a role in the 
design of and recommendations for hemodynami- 
cally optimal arterial reconstructions and terminal 
graft geometries. The finding that a Taylor patch 
anastomosis i  slightly superior to a standard end-to- 
side anastomosis n terms of  the magnitude of wall 
shear stress gradients at resting flow is not surprising, 
because we noted this in preliminary studies with 
different est inflow waveforms. 9,x7 However, at the 
three times higher exercise flow the Taylor patch 
performs much better, even though both clinically 
used techniques demonstrated a significant increase 
in wall shear stress gradients over that observed at 
resting flow. The iteratively optimized geometry pro- 
duced by computer simulations to reduce wall shear 
stress gradients has a much smoother toe and heel 
than either of the two clinically used techniques and 
has an anastomotic surface area less than the Taylor 
patch. The optimal geometry has, as expected, much 
lower wall shear stress gradients than the other two 
geometries for both input flow waveforms. The re- 
markable observation was that the wall shear stress 
(b) IQ.:Q,:Q.=IO0:IO0:O I 
Fig. 6. Time-averaged wal l  shear stress gradient 
([ W~I )  contours for optimized geometry anastomosis 
under esting flow conditions with flow distribution ratios 
Q_~r,,tFQ~o~:QJ, c~.t: a, 100:60:40, b, 100:100:0. 
gradients on this anastomosis are almost indepen- 
dent of  the type of inflow waveform. The WSSG 
actually decreased slightly at exercise flow compared 
with resting flow. 
The localization of maximum values of wall shear 
stress gradients at the heel and toe of all three geom- 
etries is expected, because this is where disturbed 
flows occur. The heel regions contain the higher 
values but are probably not as clinically significant, 
because they are localized over a very small surface 
area where myointimal ingrowth will not produce 
stenosis. This is very similar to our findings at he 
junction of the internal and external carotid arter- 
ies. 2s The toe region is of clinical importance, be- 
cause this is a well-known location for restenosis. The 
optimized geometry has very low wall shear stress 
gradients here and accordingly may represent an im- 
proved graft design. 
The wall shear stress gradient concept is an exten- 
sion and encapsulation of  the theories that zones of  
low, low and oscillating, and perhaps high wall shear 
stress may be associated with myointimal hyperplasia 
and atherosclerosis. Although these hypotheses have 
merit, it appears more likely that large sustained 
changes in surface shear forces are primary hemody- 
namic mediators. The localized change in magnitude 
of wall shear stress uch as the spatial wall shear stress 
gradient can be considered a suitable indicator of the 
location of myointimal hyperplasia and atherosclero- 
sis.  9-14 In this study it was interesting that wall shear 
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cm 3 threshold value for three anastomorac geometries with two inflow waveforms. 
stresses were quite low in the graft and in the central 
zone of the three geometries. These are regions not 
commonly associated with developing lesions. On 
the other hand, high wall shear stresses were found 
very localized at the heel and circumferentially at the 
toe. Therefore it is not surprising that this is where 
the largest wall shear stress gradients occurred. 
The technique of  computational design of an 
optimal anastomotic geometry produces a problem 
in itself. The geometry is generated by the fluid 
mechanics optimization and is displayed graphically. 
To quantitatively describe it n mathematic geomet- 
ric terms is challenging because of  the complexity. 
We are currently studying this problem. Detailed 
three-dimensional geometric data sets are found in 
an article by Lei. 24 The results presented here indi- 
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Fig. 9. Wall shear stress gradient severity versus nondimensional inflow parameter for three 
anastomotic geometries in this study, plus standard end-to-side anastomosis with graft-to-artery 
diameter ratio of 1:117 and optimized geometry with graft-to-artery diameter ratio of 2:1.9 
These additional data points were extracted from previous tudies. 9'17 
cate that hemodynamically optimal designs are feasi- 
ble and point to how they should be qualitatively 
viewed. 
To extrapolate these results to clinical practice is 
interesting. I f  an optimal terminal graft design is 
manufacturable with several sizes to match arterial 
diameters and is as easily sutured as a standard end- 
to-side anastomosis, it may be clinically effective in 
decreasing the incidence of graft failure. Although 
the thrombogenicity of graft surfaces continues to be 
a major problem with synthetic materials, an opti- 
mally designed terminal graft geometry may offer 
some protection against not only myointimal devel- 
opments but also the initiation of thrombosis. It is 
well known that high shear ates from markedly dis- 
turbed and sometimes turbulent flows are harbingers 
of the onset of thrombosis. 27The proposed hemody- 
namically optimal terminal graft geometry may re- 
duce the incident of thrombosis. 
The finding that a 1.6:1 graft-to-artery diameter 
ratio optimizes hemodynamics is interesting. How- 
ever, a 2:1 ratio with a simpler input waveform and 
suboptimal geometry 9 was comparable (Fig. 9). This 
finding suggests that standard 6 mm and 8 mm 
diameter synthetic grafts can be used for femoro- 
popliteal bypasses, because the ratios are within this 
window. The results of using these standard grafts 
for smaller tibial arteries and higher ratios have not 
been investigated by us. 
Because presently no optimal synthetic graft ma- 
terial or geometric onfiguration is available for clin- 
ical use, it is interesting to extrapolate our results to 
the technique. We suggest hat distal end-to-side 
anastomosis be performed in a way that allows a 
smooth transitional curvature at the heel if possible. 
Although the graft-to-artery bevel angle described 
here is not of major importance because of the opti- 
mization of geometry with a smooth transition, it 
may be advisable to construct he heel with a 10- 
degree to 15-degree heel angle between the graft and 
artery. The former angle may be achievable with a 
cuff-type anastomosis and the latter by cutting the 
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graft at an appropriate small bevel angle. More im- 
portant, the toe region should be a gradual transition 
in curvature and cross-sectional rea. This recom- 
mendation is very similar to that designed to mini- 
mize wall shear stress gradients at the distal end of a 
carotid endarterectomy patch. 28 This is perhaps best 
achieved by modifying the cut of the distal end of the 
graft so that the resulting shape, while still holding 
the graft flat, looks like a "lazy S" with a length 3 or 4 
times the graft diameter, a sharp angle of incidence at 
the heel relative to the longitudinal axis, and a ta- 
pered narrowing toe segment that looks very much 
like a tapered carotid endarterectomy patch. 
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APPENDIX  
Flow equations. Assuming laminar, incom- 
pressible non-Newtonian fluid flow and rigid arterial 
walls, the describing equations 21are continuity 
v. =o 
and linear momentum 
o g /+(5"v)9  = -Vp+V-  (2) 
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where v is velocity, t time, p pressure, and "r stress. 
The blood rheology is represented by 
= 2~1(I/o) D (3a) 
where  : + 
tion tensor. The apparent viscosity r I is described by 
an extended form of  the Casson model, which 
matches experimental data in the range of shear ate 
concerned in this study? 4
1 I ]2 
• I ( I ID)=~ Cl(Ht) + C2(Ht)~I~D (3b) 
Here, Ht  is the hematocrit and I I  D is the second 
scalar invariant of  D, 
The coefficients C1 and C 2 were determined for 
Ht  = 40% as C 1 = 0.2 and C 2 = 0.18 based on 
Merrill's 26 experimental data. 
The auxiliary conditions include: 
(inlet) - 5" ~ = u i (y , t )  
5..~= 0 
(4a) 
(4b) 
8~ 
(outlet) gn 6 (5a) 
Qeraf~:Q~oe:Q~,d is specified (5b) 
(wall boundary) 5 = 6 (6) 
and zero flow initially where ~ is the outward unit 
normal vector of the surface and ~ is the unit tangen- 
tial vector. The inlet condition (4a) starts out as a 
parabolic velocity profile ui(y,t ) given in the form of 
Re( t )  as shown in Fig. 1. The Reynolds number is 
defined as 
49Q~(t) 
Re( t )  - (7) 
"rra%d0 
where d o is the inlet diameter and Q~ is the graft input 
flow rate changing with time. The blood properties 
are given as density P = 1.055 g /cm 3, ~lly-o~ = ~1~ 
= 3.4815 x 10 2dyn .s /cm 2and~l [ ,~ l~=xlo= 
0.1444 dyn.  s /cm 2, where ~/ = 2]D[  is the shear 
rate. 
Predictor equation. The predictor equation, 
identifying critical regions where restenosis may oc- 
cur, is based on the time-averaged wall shear stress 
gradient. Specifically, the absolute value of the local 
wall shear stress gradient, ]WSSGI, is time-averaged 
over the cardiac cycle 0 <- t <- T, i.e., 
I WSSGI = T J  ° • I WSSG[ dt  
where [WSSG [ is defined as 
(8a) 
1 
= + (8b) 
L\ 8m I \ 8n I 
Here, the shear stress vector on the wall surface ?w 
is split into a component "rw, m, which acts in the 
temporal mean direction of  ?w, and • . . . .  which is 
perpendicular to %,,m' Clearly, the flow equations 
for a given input waveform, a specific flow rate 
ratio, and blood vessel geometry have to be solved 
first before the predictor I WSffGI can be com- 
puted with Equations (8a, b), which are discussed 
in more detail by Lei. 24 
The time-averaged wall shear stress gradient (Eq. 
8a) is incorporated in a dimensionless group, the 
severity parameter SP, which assesses quantitatively 
the impact of nonuniform hemodynamics on branch- 
ing blood vessels, i.e., 
1 f f  i'[ WSSG]- WSSGod A 
se= Z 1 wSSGo 
At 
(9) 
where A 0 is the artery cross-sectional rea, A s is the 
junction surface area, and WSSG0 = 1.5 dyn/cm 3is 
an assumed threshold value indicating the onset of  
dysfunctional cell response, which needs to be con- 
firmed experimentally. 
A second dimensionless group, the flow wave- 
form parameter, which is an extension of the Wom- 
ersley number 
Rearea 
N= (1 + rv)~KW°Remax~ - Retain (10) 
represents the main characteristics of a given input 
flow waveform in terms of  "disturbed flow" impact 
including reverse flow portion, oscillatory nature of 
the waveform, and pulse intensity. Specifically, re- 
verse flows are captured by r v = E Re .... i /Re  . . . .  ; 
the Womersley number Wo = roX/2~f /v  , where f is 
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the pulse frequency and v is the effective kinematic 
viscosity of  the blood; the extremes of  an input pulse 
are given by Rema x and Remin; Re ... .  is the time- 
averaged value of I Rein(t)l , whereas Remean is the 
time-averaged value of Rein(t), and K is the number 
of  positive and negative flow portions of  the input 
pulse, i.e., K = 1 for the exercise pulse and K = 3 for 
the resting pulse. Equations (9) and (10) are ad- 
vancements with regards to the definitions given by 
Kleinstreuer et al. 18 Clearly, the parameter N empha- 
sizes significant changes in the shape of  a given flow 
waveform over its mean flow rate. 
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